Multiple endocrine neoplasia type 1 (MEN 1) is characterised by the combination of tumours of the parathyroid, endocrine pancreas and anterior pituitary glands. In 1988 the MEN 1 gene was mapped to chromosome 11q13 and it was cloned in 1997. This gene contains 10 exons and extends across 9 Kb of genomic DNA; it encodes for a product of 610 amino acid named menin whose function is unknown. We have studied 10 unrelated MEN 1 kindreds by a complete sequencing analysis of the entire gene; mutations were identified in nine of them: five deletions, one insertion, two nonsense mutation and a complex alteration consisting of a deletion and an insertion that can be explained by a hairpin loop model. Two of the mutations have been previously described; the other seven were novel, and they were scattered throughout the coding sequence of the gene. As in previous series, no correlation was found between phenotype and genotype.
Introduction
Multiple endocrine neoplasia type 1 (MEN 1) is characterised by the combination of tumours of the parathyroid, endocrine pancreas and anterior pituitary glands. Over 90% of affected subjects present with hyperparathyroidism, HPT (hyperplasia or parathyroid tumours) by the age of 40, often involving all four parathyroid glands. 1 In many cases, the clinical spectrum includes more complex lesions, such as neuroendocrine tumours (carcinoids), secreting or nonsecreting adrenal tumours, paraganglioma, thyroid adenoma and lipoma.
2,3 MEN 1 is known to have very high penetrance, of about 98.8% by the age of 53. 1 In 1988 the MEN 1 gene was mapped to chromosome 11q13 by linkage analysis and deletion studies in tumoral DNA, 4 and it was identified in 1997; this gene contains 10 exons (with the first exon untranslated) and extends across 9 Kb. It encodes for a product of 610 amino acid named menin, 5 that has been recently identified as a nuclear protein 6 whose function is unknown. So far more than 70 different germ-line mutations have been described in selected MEN 1 kindreds. These mutations are most commonly either nonsense mutations or small deletions, and they are scattered throughout the full length of the coding sequence of the gene. 5,7-10 It has not been possible to establish a genotype-phenotype correlation. Moreover, loss of heterozygosity on 11q13, together with somatic mutations in the MEN 1 gene have been detected in approximately 20-27% of non-MEN 1 tumours of the parathyroid and the endocrine pancreas, 11, 12 confirming the role of MEN 1 as a tumour suppressor gene.
We report on a genetic analysis of 10 unrelated MEN 1 probands. All except one presented with germline mutations of which seven have not been previously described.
Materials and Methods
The families were studied in the Departments of Endocrinology of the four participating centres; Fundación Jiménez Díaz, La Paz and Severo Ochoa Hospitals (Madrid) and Universitary General Hospital (Alicante). MEN 1 families were selected following the criteria previously described. 13 Diagnosis of primary hyperparathyroidism was established by the simultaneous presence of elevated ionised or albuminadjusted serum calcium concentrations and intact parathyroid hormone levels at least twice. Histologic study after surgery defined adenoma or hyperplasia.
Pituitary adenomas were diagnosed by the presence of a mass lesion on high-resolution CT scanning or MR imaging of the sella turcica. Baseline hormonal concentrations and dynamic tests of pituitary reserve were employed to diagnose hormone-secreting tumours. Histopathology and immunohistochemistry analysis after surgical explorations of the pituitary fossa confirmed the presence of an adenoma or hyperplasia.
Pancreatic islet cell tumours were suspected on the evidence of clinical manifestations and elevated serum concentrations of pancreatic hormones (gastrin, insulin, glucagon, VIP, pancreatic polypeptide). Histologic study confirmed the presence of hyperplasia or neoplasia.
Informed consent was obtained from all patients. DNA was obtained from leukocyte of affected patients and their relatives using standard procedures. Subsequent PCR amplifications were performed in 20 µl of a mixture containing 1 ϫ PCR buffer (Boehringer Mannheim, Germany), 200 µM dNTP, 10 pmol of each primer flanking exons 2-10 of the MEN 1 gene, 7 100-200 ng of genomic DNA and 1 U Taq polymerase (Boehringer Mannheim). PCR conditions were 10 cycles of 30 s at 94°C, 30 s at 68°C and 30 s at 72°C, followed by 20 cycles of 30 s at 94°C, 30 s at 62°C or 63°C and 1 min at 72°C and with a 5 min final extension at 72°C. The PCR products were purified by columns (Wizard PCR prep, Promega, Madison, WI) and bidirectionally sequenced with Drhodamine terminator cycle sequencing Kit (Applied Biosystems) according to the manufacturer's instructions. The PCR products were cloned to verify the mutant sequences in which an insertion and/or a deletion were observed. The pBluescript II K S ( + ) (Stratagene) was digested with EcoRV. The different PCR fragments were blunted with Klenow polymerase, and ligated to the digested plasmid. The positive colonies were bidirectionally sequenced with Drhodamine terminator cycle sequencing Kit (Applied Biosystems) using T3 and T7 primers.
The nonsense mutations were confirmed by restriction digest analysis: Q209X destroys a restriction site for Hae III enzyme and W341X generates a new restriction site for Dde I enzyme. Six polymorphic markers (D11S4076, D11S1765, AFMA350, D11S4205, D11S1883, D11S913) were used to establish the haplotype in the family with an apparently de novo case.
Results
A germline mutation was detected in 9/10 studied probandi (Table 1 ) and all generated a truncated MEN 1 protein. Two of them had been previously described, a deletion of 2 bp (2556delAT (codon 90)) 8 and a deletion of 1 bp (7770delC (codon 515)), 9 and the Figure 1 ). The rest of mutations were also confirmed by different methods, either by cloning or by the use of restriction enzymes (data not shown). No significant phenotypic differences were found between the nine MEN 1 families with mutations and the MEN 1 family without mutation.
One patient (case 2) presented an apparently de novo mutation (2530insC) because no other member of the family had clinical manifestations that suggested the presence of the disease. To confirm this finding we analysed other relatives; there was available DNA from the patient's mother and from his brother, but not from his father, who had died at age 44 because of other causes not related to the disease. The sequence analysis confirmed that none of them was a mutation carrier. We performed a familiar haplotype analysis using different microsatellite markers (D11S4076, D11S1765, AFMA350, D11S4205, D11S1883 and D11S913) trying to ascertain the character (hereditary or de novo) of the mutation. This analysis showed that the patient and his brother did not share the same paternal chromosome.
Discussion
We have studied 10 unrelated MEN 1 patients: nine with a clear familial history and one apparently de novo case. In all cases except one, a germline mutation was detected, supporting the idea that mutations in the MEN 1 gene are involved in approximately 90% of families with this disease. 9 Seven of these alterations were new mutations, located in exon 2 (2416delCGT, 2535delTGTC, 2530insC), exon 3 (Q209X), exon 4 (4799delCATT/ ins9bp), exon 7 (W341X) and exon 10 (7736del25bp), and two had been previously described (2556delAT, 7770delC). 8, 9 Four were deletions, one was an insertion and two were nonsense mutations; all generated a premature truncation of the MEN 1 protein consistent with its putative role as a tumour suppressor gene. 4, 13 It is worth noting that 40% (4/10) of our cases exhibited a mutation in exon 2 which could suggest the existence of a region in this exon more frequently involved in the occurrence of mutations than has been previously reported. 8 Two of the families (8 and 9), presented a mutation in exon 10. Both showed a similar phenotype to the other eight pedigrees, with an age of onset of 50 and 18 years respectively. These data support the hypothesis that the loss of the C-terminal portion of the protein is sufficient for functional inactivation. 10 One of these mutations (7770delC) is located at the poly(C) tract of codons 514-516, and has been recently defined as a possible hot spot in the MEN 1 gene. 8 The MEN 1 gene appears to contain DNA sequences that could be susceptible to deletional and insertional events. In this sense, several mutations occur in regions of DNA that could be prone to DNA polymerase slippage during DNA replication due to short DNA sequence repeat motifs. 14 The existence of CT and CA dinucleotide repeats has been observed flanking the 4 bp deletions in the vicinity of the codons 83/84 in exon 2, and codons 210/211 in exon 3 respectively, consistent with a replication slippage model. A similar (Figure 1) , located in exon 4, could be explained by the formation of a hairpin loop structure (Figure 2 ) as has been already described in other diseases. 15 There are several inverted repeated sequences around the region in which the mutation is located. To generate this complex mutation, these inverted repeated sequences could have formed a hairpin loop structure during replication and both the deletion and the insertion could have occurred within this structure. In the proposed mechanism, the alteration occurred as the combination of two steps, first a 4 bp deletion and then a 9 bp insertion. The deletion from nt 4729 to nt 4732 (CATT) could be due to the formation of a small side loop structure, and the inserted sequence (AGC-GAGTCG) would correspond to the inverted complementary sequence from nt 4814 to nt 4822 (CGACTCGCT). This sequence could generate a misincorporation of the novel nine bases when the slippage, mediated by the other inverted sequences, occurred within this hairpin loop structure. This model could demonstrate that the dinucleotide repeats surrounding some of the insertions or deletions found in the MEN 1 gene are involved in the appearance of these mutational events, as has been suggested by other authors. 8, 14 In family 2 only the proband showed clinical symptoms of MEN 1 and carried a mutation in exon 2. By means of sequencing and haplotype analysis we could not confirm with 100% reliability that this was a de novo mutation, because the proband and his healthy brother had different paternal chromosomes. However, the absence of the mutation in his mother and the absence of clinical symptoms in his father (death at 44 years) support this hypothesis. On the other hand, 10% of the families described in the literature have de novo mutations, which has great clinical relevance. The appearance of MEN 1 tumours in patients without a familial history does not obviate the risk of developing tumours within the siblings. In these cases it is necessary to have a clinical and biochemical follow-up after the carrier status has been determined.
Finally, we cannot disregard the fact that family 10, in which a mutation in the MEN 1 gene was not found, does not present an alteration in other regions such as the promotor region. In any case, we think that the sequencing of the entire sequence of the MEN 1 gene Genetic and clinical analysis in MEN 1 patients t as a screening method allows the mutations responsible for the disease to be characterised at a higher percentage than using other techniques such as the SSCP. 16 In fact, SSCP does not detect all sequence changes, because the ability of each mutation to alter the conformation of the single strand depends on whether it occurs in a loop or in a long stable stem of the secondary structure, 17 or on the size of the segment analysed. 18 In summary, we have found germline mutations in nine out of 10 patients with suspect MEN 1, supporting the theory that the MEN 1 gene is responsible for this disease. The type of the mutations, their location and the clinical characteristics of this study, did not allow us to establish a genotype-phenotype correlation. More studies would be required to ascertain an association between mutations in concrete protein domains with certain phenotypes, as has been suggested for other tumour suppressor genes such as BRCA1 and 2 in familial breast cancer. 19, 20 
